ABSTRACT High-voltage electrical fields and low production rate limit electrospinning, the electrical charging of polymer liquids, as a means of nanofiber fabrication. Here, we show a facile method of fabrication of aligned three-dimensional nanofiber structures by utilizing high-speed, rotating polymer solution jets to extrude fibers. Termed rotary jet-spinning, fiber morphology, diameter, and web porosity can be controlled by varying nozzle geometry, rotation speed, and polymer solution properties. We demonstrate the utility of this technique for tissue engineering by building anisotropic arrays of biodegradable polymer fibers and seeding the constructs with neonatal rat ventricular cardiomyocytes. The myocytes used the aligned fibers to orient their contractile cytoskeleton and to self-organize into a beating, multicellular tissue that mimics the laminar, anisotropic architecture of the heart muscle. This technique may prove advantageous for building uniaxially aligned nanofiber structures for polymers which are not amenable to fabrication by electrospinning.
S elf-assembly, phase separation, and electrospinning are commonly used to generate nanofibrous scaffolds. 1 Among these, electrospinning is the most popular strategy, producing ultrafine fibers by electrically charging a droplet of polymer liquid. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Despite the versatility and popularity of electrospinning, high-voltage electrical fields, imprecise control over fiber orientation, sensitivity to variability in solution conductivity, low production rate, and difficulty in fabricating three-dimensional (3D) structures limit its application. There are few strategies to expand the versatility of electrospinning; 12, 13 however, the need for reliable methods to generate well-characterized and aligned micro-to nanoscale polymeric fibers persists.
We hypothesized that we could produce nanoscale fibers by exploiting a high-speed rotating nozzle to form a polymer jet which undergoes extensive stretching before solidification ( Figure 1a ). Termed rotary jet-spinning (RJS), the RJS system consisted of a reservoir with two side wall orifices that was attached to the shaft of a motor with controllable rotation speed. To facilitate the fiber collection a flexible air foil is placed on the shaft above the reservoir. The polymer solution was continuously fed to the reservoir at a rate sufficient to maintain a constant hydrostatic pressure and continuous flow. The resulting fibers were collected either on a stationary, surrounding cylindrical collector or on coverslips which were held against the collector wall. The fiber production process is composed of (i) jet-initiation to induce flow of the polymer solution through the orifice, (ii) jet-extension to increase surface area of the propelled polymer stream, and (iii) solvent evaporation to solidify and shrink the polymer jet. During the first step (Figure 1b-i) , a combination of hydrostatic pressure and centrifugal pressure at the far end of capillary 14 exceeds the flow-resistant capillary forces and propels the polymer liquid through the nozzle capillary as a jet. The outward radial centrifugal force stretches the polymer jet as it is projected toward the collector wall (Figure 1b-ii) , but the jet travels in a curled trajectory due to rotation-dependent inertia. Stretching of the extruded polymer jet is critical in reducing jet diameter over the distance from the nozzle to the collector. Concurrently, the solvent in the polymer solution evaporates, solidifying and contracting the jet (Figure 1b-iii) . The solvent evaporation rate depends on its volatility. If the solvent is highly volatile, the jets form thicker fibers as the rapidly evaporating solvent potentiates rapid solidification, hindering the jet extension.
The primary challenges in this process are optimizing the polymer solution properties (viscoelasticity and surface tension), solvent volatility, capillary diameter, and collector radius to not only produce ultrafine fibers but also prevent jet rupture and the formation of droplets due to PlateauRayleigh instability. 15 The jet break-up may be estimated by the capillary number, defined as the ratio of Weber number (We) to Reynolds number (Re), Ca ) We/Re, which characterizes the ratio of the viscous force to the surface tension force. 15 Here We ) FU 2 D/γ and Re ) FUD/η where F, η, and γ are density, dynamic viscosity, and surface tension of polymer solution, respectively, U is the polymer jet exit speed based on a stationary frame (see Supporting Information for measurement of jet speed) and D is the orifice diameter. A lower capillary number results in shorter jet length and earlier jet break-up to isolated droplets. 15 As proof-of-principle, we produced rotary jet-spun fibers from a wide variety of synthetic and naturally occurring polymers. We produced nanofibers from poly- Figure  1k ) (refer to Supporting Information for more details on sample preparation). These data suggest that RJS is a rapid and facile technique of nanofiber fabrication without electrical propulsion and is capable of fabricating 3D aligned nanofiber structures from a variety of polymers. To study the sensitivity of RJS fiber fabrication to various production variables, we focused on producing PLA fibers (see Table 1 for composition details). As shown in Figure  2 , continuous aligned PLA fibers with diameters ranging from 50 to 3500 nm can be produced. To demonstrate the ability to tailor the nanofiber morphology, we produced nanofibers at different rotation speeds. By increas- ing the rotation speed from 4000 to 12000 rpm, the fiber diameter (median ( median standard error) dropped from 1143 ( 50 to 424 ( 41 nm (Figure 2a-c) .
We hypothesize that the mechanism of RJS fiber formation is the optimization of the competing centrifugal forces and jet surface tension. The surface tension causes jet instability and bead formation 16 while the centrifugal force accelerates a slender liquid stream where solvent evaporation and polymer chain elongation occur simultaneously. Thus, higher centrifugal force induces greater extension and thinning of the polymer jet which results in thinner fiber diameters. To test this hypothesis, first we varied the rotation speed while maintaining a constant PLA solution concentration. The centrifugal force per solution volume increases significantly with rotation speed, while the surface tension remains the same (Table 1 and see Supporting Information for surface tension measurement). The fiber diameter distribution (Figure 2d ) is much wider at lower rotation speed, and the probability of bead formation is higher. Next, we held the rotation speed constant while varying the polymer concentration in the solvent. We hypothesized that the surface tension of the polymer solution and its tendency to induce beading could be compensated for by varying the polymer concentration. When we held the rotation speed constant, at low polymer concentrations (4 wt %), RJS resulted in polymer beads. As we increased the polymer concentration (c) (4 wt % < c < 10 wt %), the increased polymer concentration and solution viscosity stabilized the jet resulting in fiber formation. These data demonstrate that fiber formation is a function of the polymer concentration where an optimal range of concentrations increases the likelihood of polymer chain entanglement, 17 resisting beading and resulting in fine fibers. Beyond this optimal range (10 wt % and higher), the higher solution viscosity limits solvent evaporation and necking, resulting in thicker fibers.
An additional contributor to fiber formation is polymer chain entanglement density. As the polymer concentration increases, a deformable entangled network of polymer chains forms as a direct consequence of chain overlap. In low concentration (c) polymer solutions, lower than critical concentration value, c* (c , c*), chain overlapping is absent. As the polymer concentration is increased (c f c*), chain entanglement is still insufficient for formation of bead-free fibers. 17, 18 At solution concentrations above the critical concentration (c > c*), sufficient chain entanglement produces uniform continuous fibers without beads. We measured the specific viscosity of polymer solutions as a function of concentration (see Supporting Information for specific viscosity calculation). As depicted in Figure 3a , changes in the slope marked the onset of the semidilute unentangled, entangled, and concentrated regimes, the latter (c*) occurring at 6 wt % polymer solution concentration.
We asked how the capillary number (Ca) and polymer solution concentrations affect the quality of fiber production. In this case, we define the highest production quality as bead-free fibers. The Ca number represents the magnitude of the centrifugally induced shearing forces relative to the surface tension. 19 We observed an increased likelihood of continuous fibers at high Ca numbers ( Figure 3b ). As expected, for c < c*, RJS produced only beads; however, for c > c*, chain entanglement was sufficient to potentiate fiber formation. At lower rotation speeds and Ca, fiber malformations were occasionally present ( Figure  3b ); however, with higher Ca and rotation speeds, higher quality fiber production was achievable. These data suggest that by increasing the rotation speed, the polymer jet travels faster and stretches rapidly, enhancing solvent evaporation. Rapid solvent evaporation increases polymer concentration and solution viscosity, the latter due to , and Q3 are first, second, and third quartile of fiber diameter distribution which represent 25th, 50th, and 75th percentile, respectively. η 0 , γ, and F are shear viscosity, surface tension, and density of the solution, U is the jet speed, We, Re, and Ca are Weber number, Reynolds number, and capillary number, respectively. Orifice geometry for all samples was D ) 340 µm, L:D ) 9 except for the (*) was D ) 650 µm, L:D ) 4.5. Fiber diameters can be tailored with the orifice diameters (see Supporting Information for more detail on orifice geometry). These data suggest that by decreasing the length to diameter ratio of the orifice, the pressure drop at the orifice decreases, and the rate of solution outflow increases, resulting in larger diameter fibers. chain entanglement. This stabilizes the jet and resists surface tension-induced bead formation.
To test the ability of RJS to produce tissue engineering scaffolds, we prepared anisotropic, fibrous constructs (Figure 4a,b) . Chemically dissociated neonatal rat ventricular myocytes were seeded on the constructs where they bound to, and spontaneously aligned with the fibers (Figure 4c ). Individual myocytes organized their contractile cytoskeleton with respect to the external cue provided by the extracellular fibers, as indicated by the alignment of the sarcomeric Z lines perpendicular to the fiber alignment ( Figure 4d ). As depicted in the example in Figure 4e , multicellular constructs self-organized with respect to the fibers, forming beating, anisotropic muscle with aligned and elongated myocytes and ordered myofibrils, as seen previously observed with other cardiac tissue engineering techniques. 20, 21 These examples suggest that RJS is a simple means of forming anisotropic scaffolds of biodegradable nano-and microfibers made from synthetic and natural polymers.
In conclusion, we have developed an effective technique for the generation of continuous fibers and nonwoven fabrics with nanometer size fiber diameters by using high-speed mechanical rotation of polymeric solutions through a perforated rotary reservoir. Rotary jetspinning has several advantages in comparison with other nanofiber fabrication methods: (a) the technique does not require high-voltage electric fields, (b) the apparatus is simple to implement, (c) nanofiber structures can be fabricated into an aligned 3D structure or any arbitrary shape by varying the collector geometry, (d) fiber morphology (beaded, textured, or smooth), fiber diameters, and web porosity can be manipulated by altering the process variables, (e) fiber fabrication is independent of solution conductivity, (f) RJS is easily applicable to polymer emulsions and suspensions, and (g) RJS is capable of substantially higher production rates as compared to standard electrospinning. 
